Development of Cs selective adsorbents and stable solidification method contributes to the advancement of decontamination system and environmental remediation. This study deals with the preparation of Cs selective composites (insoluble ferrocyanide-loaded zeolites), uptake properties of Cs, stable solidification of composites, and evaluation of Cs leachability. The Cs immobilization (%) for the Cssaturated composites (Cs-NiFC-SA-5, Cs-CoFC-MC) was above 99% and 96% even after calcination at 1,000ºC and 1,100ºC, respectively, indicating that nearly all Cs ions are immobilized in the sintered products. On the other hand, the Cs immobilization (%) for the Cs-saturated composites (Cs-NiFC-A (A51, A51J), Cs-NiFC-LSX) tended to decrease with calcining temperature; for example, the Cs immobilization (%) for NiFC-X at 1,000ºC and 1,100ºC was estimated to be 74.9% and 55.4%, respectively, and many spots concentrating Cs were observed on the surface. The difference in immobilization behavior between natural zeolites and synthetic ones is probably due to the phase transformation and surface morphology at higher temperature above 1,000ºC. The increasing order of Cs leaching rate for the sintered products at 1,000
Introduction
In Fukushima NPP-1, large amounts of high-activity-level water (HALW) accumulated in the reactor, turbine building and the trench in the facility are treated by the circulating injection *Corresponding author E-mail: hitoshi.mimura@qse.tohoku.ac.jp cooling system ( Fig. 1 ) [1] [2] [3] . At present, this system is effectively operated and the cold shutdown is completed. However, large amounts of secondary solid wastes such as zeolites (346 vessel) and insoluble ferrocyanide sludge adsorbing radioactive cesium (xxx) Na, K Na Na Na, Ca Approximate kinetic diameter (Å) 3.9 4 9 5 Cation exchange capacity (Na , meq/g) 1.2~1. 5 5.0~5.5 5.0~5.5 2.0~2. 5 (581 m 3 ) are generated (on March 14, 2012) 1) , and hence the development of effective treatment and disposal methods is very urgent and important issues in Japan. Especially, insoluble ferrocyanide sludge contains high radioactivity of 137 Cs and has low thermal stability, and insoluble ferrocyanides tend to release hydrogen cyanide (HCN) above 300 under inert and reducing atmosphere 2) . Thus, the development of stable solidification method contributes to the advancement of the decontamination system and environmental remediation. In this study, the stable solidification of insoluble ferrocyanides saturated with Cs + The present study deals with (1) preparation of Cs selective composites (insoluble ferrocyanide-loaded zeolites), (2) uptake properties of Cs, (3) stable solidification of composites, and (4) evaluation of Cs leachability.
ions was examined by utilizing the immobilization abilities of zeolites, i.e., Cs trapping and selfsintering abilities. The composites were then treated with 0.1 M CsNO 3 solution to obtain the Cs saturated composites samples for the immobilization test. The Cs saturated composites were calcined at different temperatures up to 1,100ºC. Surface morphologies of the calcined specimens were examined by scanning electron microscopy (SEM, HITACHI, Miniscope TM-1000) and digital microscope (DM, HiROX, KH-1300). The chemical composition was determined by energy and wavelength dispersive spectrometry (EDS: Swift ED-TM, HITACHI, TM-1000; WDS: Hitachi X-650S) and Fourier transform infrared spectroscopy (FT-IR, HORIBA, FT-200). The Cs immobilization ratio (%) was determined from the difference of the Cs content (wt%) before and after calcination. The decomposed gases in inert and active atmosphere (He, He+20% O 2 ) were determined up to 400°C by temperature programmed Vol.25, No. 4 (2014) (xxx) desorption-photoionization mass spectrometer (TPD-R, Rigaku).
Experimental

Materials and preparation procedure
Results and Discussion
Thermal stability of insoluble ferrocyanides
Prior to the immobilization test for composites, the thermal decomposition of insoluble ferrocyanide itself and gas evolution behavior were examined by instrumental analyses. Figure 3 shows the immobilization ratio (%) of Cs for CsCoFC at different calcining temperature up to 1,200ºC. The Cs immobilization ratio was considerably lowered above 500°C. In the case of 500°C calcination, the surface of CsCoFC disk is seen to be thermally decomposed, indicating the decomposed gases (CO 2 , NH 3 and NOx, etc.) are released. This is probably due to the volatilization of Cs 2 O gas. Further, the Cs immobilization ratio above 1,000ºC was estimated to be less than 0.1 % (Fig. 3) ; the adsorbed Cs + Furthermore, the formation of cyanide is accompanied by thermal decomposition of insoluble ferrocyanides. In order to check the cyanide formation, the thermally decomposed gases from NiFC-A51 composites were analyzed in active and inert atmosphere by mass spectrometer. As shown in Fig. 4 Thus, the development of stable solidification method for insoluble ferrocyanides is urgent subject considering the low thermal stability and HCN evolution from insoluble ferrocyanides.
and NO were detected around 120, 320, 300 350, 320 and 330 , respectively. In active atmosphere, the HCN evolution is considerably lowered. 
Selective uptake of Cs +
In order to check the selectivity and equilibration time of Cs by composites + ions for composites, the effect of shaking time on uptake (%) was examined in seawater by batch method. Figure 5 shows the uptake rate of Cs + ions for composites (NiFC-SA-5,
NiFC-A51 and NiFC-LSX) in seawater. The uptake rate of Cs + for composites was very large in the initial stage within 3 h. In either case, the uptake equilibrium was attained within 8 h and relatively large uptake (%) above 95% was obtained. Especially, the uptake of Cs + for NiFC-SA-5 had relatively large uptake rate. The uptake (%) of Cs + for composites was considerably enhanced compared to that for zeolite matrices (uptake(%): <90%).
Immobilization of Cs by sintering of composites
Insoluble ferrocyanide-loaded zeolites saturated with Cs + NiFC-SA-5 > CoFC-MC > NiFC-A51 > ions (CsNiFC-SA-5, CsNiFC-A51, CsNiFC-A51J, CsNiFC-LSX and CsCoFC-IE96) were sintered in electric furnace at high temperature (1,000 and 1,100 ). The Cs content of sintered products was then measured by EDS analysis, and the immobilization ratio (%) of Cs was determined. The immobilization ratios of Cs are compared among four kinds of sintered products as shown in Fig. 6 . The immobilization ratios of Cs for CsNiFC-SA-5 sintered at 1,000 and 1,100ºC were estimated to be above 99% and 95%, respectively, indicating excellent immobilization ability. Similar results were obtained in the case of sintered CsCoFC-MC (modified chabazite). On the other hand, the immobilization ratio for sintered CsNiFC-A51, CsNiFC-A51J and CsNiFC-LSX tended to decrease markedly above 1,100ºC. Thus, the Cs immobilization is probably due to the difference of solidification morphology. In addition, the specific Cs concentrated spots were observed on the surface of these sintered products as described later. The order of immobilization ability for the composites was as follows:
NiFC-A51J > NiFC-LSX.
Fig. 6 Cs immobilization (%) for sintered products.
Surface morphology and distribution of Cs for sintered composites
The surface morphology and distribution of Cs for sintered composites were examined by instrumental analyses (SEM, XRD and EDS). Figure 7 shows the SEM images of sintered products (CsNiFC loaded zeolites) at 1,000 C and 1,100 C. The sintered products of CsNiFC-SA-5 and CsNiFC-MC are seen to be porous and begin to melt, compared to the original samples. On the other hand, the surface of sintered products (CsNiFC loaded A-51, A-51J and LSX) converted to crystalline phases, and especially some concentrated spots were observed. These concentrated spots were analyzed by SEM and EDS, and concentrated Cs was detected, as shown in Fig. 8 . This indicates the formation of crystalline phase immobilizing Cs such as cesium aluminum silicates on the surface.
Phase transformation of composites at high temperature
The phase transformation of Cs saturated composites was examined by XRD. The crystalline phases formed after sintering of Cs saturated composites are summarized in Table  2 . For example, XRD patterns of original CsNiFC-A-51J and sintered products are shown in Fig. 9 . The original composite consists of two phases of NiFC (K 2 [FeNi(CN) 6 ]) loaded and A-51J zeolite matrices. After sintering at 1,000 C and 1,100 C, the original phases were thermally decomposed and transformed to Nepheline (NaAlSiO 4 ) and cesium aluminum silicate (CsAlSiO 4 ) phases. Thus the concentrated spots in Fig.  8 probably correspond to CsAlSiO 4 phase. Table 2 Crystalline phases formed after sintering of Cs saturated composites at 1,000ºC and 1,100ºC.
Fig. 9 XRD patterns of original CsNiFC-A-51J and sintered
products at 1,000 ºC and 1,100 ºC.
Characterization of Cs loaded composites
The thermal analysis of Cs saturated composites and Cs distribution after sintering were examined by TG/DTA and WDS analyses. For example, the TG/DTA curves of CsNiFC-A-51J are shown in Fig. 10 . In DTA curve, the following thermal change are observed; endothermic peak at 146 corresponding to dehydration of adsorbed water, exothermic peak at 323 to the thermal decomposition of CsNiFC, and exothermic peaks above 900 to the formation of Nepheline (NaAlSiO 4 ) and cesium aluminum silicate (CsAlSiO 4 Figures 11 (a) and (b) show the SEM images of the cross section of sintered products of CsNiFC-SA-5 at 1,000ºC and 1,100ºC and elemental mapping of Si, Al and Cs, respectively. The distribution of Cs was uniform in the sintered products, and the Cs content for sintered products at 1,000 and 1,100ºC was estimated to be 25.8 and 21.4 wt% by WDS analysis, respectively. Figures 12 (a) and (b) show the elemental mapping of Si, Al and Cs for the sintered products of CsNiFC-A51J at 1,000ºC and 1,100ºC. The distribution of Cs was uniform in the sintered products. As for Cs-concentrated spots on the surface, relatively large Cs content was estimated by WDS; the Cs content for the spots and bulk phase was ) phases. Total weight loss was estimated as follows; CsNiFC-SA-5: -6.83%, CsNiFC-A-51: -12.6%, CsNiFC-A-51J: -14.4%, and CsNiFC-LSX: -21.3%. The sintering of Cs saturated composites resulted in the volume reduction of about 30 60%.
(xxx) estimated to be 28.1 and 14.2 wt%, respectively. These results suggest that the Cs-concentrated spots mainly consist of CsAlSiO 4 rich phase. 
Leachability of Cs for sintered products.
The static leaching rate of Cs after 1 week was estimated by batch leaching test using the sintered products at 1,000 , 1,100 and 1,200 for CsNiFC-SA-5, CsNiFC-A-51J and CsNiFC-LSX. The static leaching test was carried out at 90 up to 45 d. Figures 13 (a)-(d) show the variation of leaching rates of Cs, Si and Al with time elapsed for the different sintered products. Here the leaching rate is defined as:
where C t (g/cm 3 ) is the concentration of elements (Cs, Si, Al)
in the leachant; C 0 (g) the content of elements in the solid form; V (cm as shown in Fig. 14 . In this study, the leachability of Cs was evaluated by using the sintered products of Cs saturated composites, however, the Cs content of the adsorbents was limited from the dose rate of 137 Cs; for example, the dose rate was limited less than 4 mSv/h on the surface of the adsorption column in Fukushima NPP-1. For the practical use, the Cs immobilization ratio and Cs leachability should be further examined in detail for the sintered products with lower Cs content. Thus, the stable solidification of insoluble ferrocyanide-loaded zeolites was accomplished by utilizing the excellent Cs immobilization abilities of zeolite matrices (Cs trapping and self-sintering abilities), while the optimal conditions should be clarified from the viewpoint of practical use. 
Conclusions
The preparation of Cs selective composites (insoluble ferrocyanide-loaded zeolites), uptake properties of Cs, stable solidification of composites, and evaluation of Cs leachability were studied for the advancement of selective decontamination of Cs. The Cs immobilization (%) for Cs-saturated composites (Cs-NiFC-SA-5 and CsCoFC-MC) was above 99% and 96% even after calcination at 1,000ºC and 1,100ºC, respectively, indicating that nearly all Cs ions are immobilized in the sintered products. On the other hand, the Cs immobilization (%) for the Cs-saturated composites (CsNiFC-A (A51, A51J), CsNiFC-LSX) tended to decrease with calcining temperature; for example, the Cs immobilization (%) for NiFC-X at 1,000ºC and 1,100ºC was estimated to be 74.9% and 55.4%, respectively, and many spots concentrating Cs were observed on the surface. The difference in immobilization behavior between natural zeolites and synthetic ones is probably (xxx) due to the phase transformation and surface morphology at higher temperature above 1,000ºC. The increasing order of Cs leaching rate for the sintered products at 1,000
was CsNiFC-SA-5(1.60×10 -4 g/(cm 2 day) < CsNiFC-A-51J < CsNiFC-LSX. On the other hand, the sintered product of CsNiFC-LSX consisting of CsAlSiO 4 phase at 1,100 had a relatively low leaching rate of about 10 -5 g/(cm 2 For the practical use, the Cs immobilization ratio and Cs leachability for the sintered products with lower content of Cs should be examined in detail. The stable solidification of insoluble ferrocyanides was thus accomplished by utilizing the excellent Cs immobilization abilities of zeolite matrices (Cs trapping and self-sintering abilities). This method can be applied to the selective decontamination of Cs and the stable solidification of secondary solid wastes in Fukushima NPP-1. day).
